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Langmuir Probe Measurements in the Ionosphere and Recent Topics

by
Koh-ichiro Oyama”™

Abstract: Dc Langmuir probe which was established by I. Langmuir in 1924 has been used to
measure Te (electron temperature) and Ne (electron density) including plasma irregularities in the
ionosphere since 1947 and its contribution to the ioncspheric Physics is beyond our deseription.
We review the measurement of electron temperature/density in space, which have been con-
ducted by means of Langmuir probe. We review the recent findings which have been obtained in

Japan with Langmuir probes in Japan and list up the problems, which still remain unsolved.

Key words: Electron temperature, Electrode contamination, Insitu measurements, Tonosphere

B =

1924 4 1. Langmuir |2 & > THBICET SN/ DC 72— 7 (Langmuir and Mott-Smith, 1924) 22k
RELD S EHRBEICBUAERNLYBETHLETIRE, BELMET S 70 -7 LTE RRBER
RED N A VSRR o 72 V-2 rocket IZEH S N TL# (Reifman and Dow, 1949), £ DB 7 v +,
BEmEICHHINTETEY, BEBENIEICBVTDC 7o — 7IZRERTROBHZE LT, BOTEH

BEREE RS LCE, FBIRET, HEBEEE, FHEE, SHELHBLICNE T AEIIBTAET
BECHLTHROBEREZE-> CELHAVEZREDORE Y TLIHHT 5. ARORZIIEFRE, &
B 2 REFEOWEEE, LUAHROEREICHET 5 HEIZDWTRET 5.

1. B

BERRAITHEEEIIBNT RIS, SEBECBLTREROWMERNTICLVERESNSL. H1LIZEEROE
KWz EREETRT. :@lglc_méshmwwbx B 60—90km DK T AL A% HOT (H,0)n 7% ¥ OHHMEL L
A4y, BLOBET, TUYAARET L EHESE DHEE, 90-160km £ THEIINOT, O," ZLDOFFA+ 2D
HFAET 5 ESEE, 160km 758300 km T TOO A 4 Y LS L & VBB FTO T Z xvmygﬁy Cr D ETEEN
BREGLZBET CRTHEE, BTRERKELZLEEDS FE Topside I & Y, ~U v L, KEAA YPERSTH
B 1000—2000km A OB T A2BELNE T XABEER. FREPNOSEHEBICBIT L HET AFEILC L 2 TR,
Hef, KBEEEF10.7=220 (A7 10 2 Wm?Hz) OB4, 100 km 128V TH 10% {B/ce, 300 km T 10°ffi/cc, 1000

*  JAXA/ISAS
A5 1t Journal of Plasma and Fusion Research Vol.81. No.7 (2005), p482-525. \2B# s N/ FRE* ICHEICKRICER 2N 72
YDTH 5.
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km T 10%@/cc TH A (Hedin, 1991). 113 HEEEE HRENEEEINTHE @}i{ﬁgt{’] EETH Y, ER
WCREBHER, 79 AT, FRiE iﬁﬁ‘:'% o . BY, it
AL > TRELSELT B, BRAETEE EETO7 74 ﬂdi@ﬁ?ﬂ‘]?‘iiﬁﬁﬁﬁ%ﬂfw’) N

PR g ORI T S RETH 5.
COBETIRIIIRENZL ) LREHEBIIBITADC 7O - 7DIEHIZ DV THENSD,

2.1 DERICSTIHEE
DHEBTIREF— PR TP ERTRERI ) A= MV Ty - AES 3L Y F A - M THS. E-TDCTH—T
DY =AW A TELEFR Y- AORTHEFT A LHEL, LOIANF—GHIEY - ADHLERLY, DC TH—-7
HEHIIBIT S, %%@%ﬁﬁm@é.%mﬁﬂm7vbwﬂ@wmmfﬁ%¢%ﬁ?f%.%of:®ﬁﬁ@7m~fﬁ
T - AHOBT—HESFERIIMA T, DCTU— 7P EETEHC R L2 70— THHOEE, RUA 4 078
BHIZEDADRNI LBV - AROEREZEE L 2TEL LT, FOET, 14+ OFEREL S DO THEM
@@é.%ofﬁﬁf%fm—fmiéﬁ% A F vEENEEENEICEES S5 27, BRI T 0 - TEREER
CEABETHEEAEEICLIVRET A LA, BECBWTREEFENr v MCEBTELZ WA I OBILEZHE
STDC T — T ERILBETEERFHELS. LPLIOI) B HEEIHEFBIISZFEL %2 (Cyama and Hirao,
1976a). DCEBREMOEFINEHEROBHRIIAI T VEETILLA53 0T, A/ 4 v EETEEOLIH, SEI
R 5,
FPROBEIDREGEIEENSN TABRICRETERTAOEENETEEIL LI o TRECENLTLETHS
(mmm_wmm.mm@ DEBIBETFENEVIIEEIMNIRL, T hbbETEENSVIELYELWEIIFLTTT
BRINEL D, M2ZFEEEREEEERVBRVERICLIBETHEOEE U7 71 VT, z%z”%%?a‘sﬂézié%
m%@f@b@ HEENEE RSN EEN 100 kn COBTHEECHELT 2 L DERTRIFEERICLIETHEE
BELWELIVSECHELLNE.
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EH LR BI BN 25 2 00, BESHEEZDC 70— 7124 5 REHE L T ERE LN E VWIS ETHOENE
ENATADC 70— THEEIEHTLONET L

2.2 EHEH

BHERERIIZ VB CEGE Y- 7HAESEATE S, L LERICRERGLEOMBIZELTH S (Oyama,
1975). Langmuir 2L VEEV S 727 0 — 7HHREBEE THLOTELDOANIOT -T2, Tu—-7%HE) A
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b)

M4 FoLisnl-BBOBLANGZEMER (). J 2 TEEEBRAOBRIIRL TRV, CeB &
R GEBEBICNAE LB EDEILABEBLENTH L, K4blE AT v TIROBEEZE
#.1,2 3 BU439A—-FVOBBICHML/ZERCERIIRALBROWHE. X4b 13X
4a |IR SN EREE O 4% T 5.

ZOX) BBEBRSEICIHENL L AT Y AREBREAINFE SN TV ALFILL 24 RERORMAENLIZL S DDTHE
2, M4RT L) ICEBERICNE LB EMESRELREIMEREL R TLIF L L L EILIRETH L. FHIC
BULENOSE, BEERRIIEN O, v NREK, HEVIEEERMETH S5, TNOLOREIIBITLHEENEIZLLIFE
B70—7ERADEEICLNBOTRE , o THORRITEET 2 LEE 2. TONPSHEBTEDL L) ITEMIGE
DEBLZIEE, BERSOBEIZL LM Ze(= 2 Ce) ™!, fIZ 70— 7RIIBEOEV ELENE oEE%
OB MERNB®EERET LY, HEVEEMGEFODDERETIHEZEZHTHITHLH, MIEOE—OFIHIITHY
BEOTO - T7TBEZEHERYTLET, MEEBENEBRTNO LKDRET ARSI L BE 3 2 BHE DB OLE
FRICETAEBRTHWT WA (Sinha et al., 2003; JITE, 2005). HEOEZ FILET L E_oFFEI 70— 71 &EH
BEEML B AELAFHEVCOT N LETRELHET 5O TETRE 71— 7 (Electron Temperature Probe)
& &SV 72 (Hirao and Oyama, 1970). M5 ICFOFEBEMERBO T v 7 ¥ AT 77 LERT.
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LN Fy Aa— >y 7 a—7 (Piel et al., 1988; Rohde et al., 1993) LB HRE 7 —7IZ X 2B FIRE
PEE TS (146).
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%’@?i@fl@?ﬁ%%@' BETAHFEEIMTICRLAZL ) BT AEH AR 70—~ 7¢ L TERSIN: (Oyama and
Hirao, 1976). & I A—ML, BEHAT LV FA—PVDATA Y LABBRERZIO I A= VOH T AEICH
ALINZHIO—EXATNMUTOREAND L3200 C T3 FERTHR LB, FI7REDRE2 T ANN—FT
FyTF 7T A BTy MBS AEH AR T O - 7Yy v PTEBERNNREIIEA LRAETY

ABEOMTHAEET L. Vo AEWIER, 70— 730ry PAYVEIIIEEIIBEINL L, I ABEDADPAY V|2
L HELIITRITENS.

ot
—\
HX
o
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COBAR
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M7 #5ABHARTa—7rary MIBEIL AT IAH L7272 L DB o EFRE.

ZONTABEEAM U - T IIDCELEBRFELIUET 5 EFFFICI AL F — e HIzD :,me%mmmﬁ
¥ (Druyvestein, 1930) 123 &L T WTER I N 2KEFHIEE! @Eﬁﬁéh“(\z\% Diuyvesteyn I, BEFoorn
F—oAF (V) BT L @daEns,

FeV)=C V¥ d%/dv?

TZTVIEDCTE -7 TOEBEMD? S DOEMN, Claws, d%/dViiEDC Langmuir BIEBRFED KA TH 5.
DC 7 u— 7RO "Ry S a - TRIERICEEEEL (B FiEa) %EE LB 70— T7EBR,SFDOT

RGPS L, EWIBTIEERTESL, T2bbi, & DCERELERO ZREs
of of
ipe = a’d - (d’1/ dv?)

ERDEND. EEOBHT Y v F TORFIEEORIEE BZEIFNZN0-2. 5V, 1-2Hz D= T, REKEEE
DIFEFEa & BRBIEFNFRTI0OmMY, 1KHz TH 5. ZHBIEROEAFEIE80db A TH - TINL LoFEZET
LREBEHEOBRNZATRETSH A, TRICEMTAERIEN Ty v b, BEHREICLVEBETRE SO —7, RUATT A
BHEHAMTO -T2 ELNEDTHS.
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13, H8IImR

HNEE, L FHEROER
3. BohiEEE
3.1 HEOFv b
L OEET Y MIBRENLBETRE - T DFER SN T — LRI ENELS
45 3 |DZEF5)Y “Sq Foeus Anomaly, (Sq¥H.0RE)” LAHULIDTHS.

ZRE 105 km O Sq B O LT

21, 2RIE-> TETEEDEE S LEFE R 3N (Oyama and Hirao, 1979a; Oyama et al,, 2000). DL H 4
WETEEBOT TR OIIRET L) IZEFAY I AT 2 VARIRBIZ A WEFRR SN (Oyama and Hirao, 1979a;
Oyama and Hirao, 1979b).

250 —
. 200 ;
S 3
é -
}._.
T
o
20—
100 +—
S TN T O L a
0 500 1000 1500 TelK)
L6 (L-3H-6) Jan.21 1970 =---=m-- 5(8-310-5) Jan.31 1979
e 4(S-210-4) Jan.i6 1971 - 72 (K-9M-72) Feb.13 1982
——————— 34(K-GM-34) Jan.24 1971 ——— 81(K-3M-81) Jan.25 1988
——-—— 45(K-9M-45) Jan.16 1974 18(S-310-18) Jan.26 1988
e 62 (K-SM-62) Jan.22 1978
M8 SEIskmEICHETIBVEFEREZCT LD
ENETEENBENOETREIAGEAOENSE & 512, POBNAY SqBROTLIIEVEERH (R, LD,
B REEEEN D L ITITHFS A ABEICE LS. IO LIRIDHR s AERER IIEATOICLTTIATL A2
SV XbOTHECERSIIENL I L2 RRLTVA L EbNS. BOETRERERIZBEND T v b TRERTITA
< EERE AR SN, SqERIED) IS —EOZOHRRRIZBHINTELT * (Oyama, 2000), 2005 FA& M2
RIELOBBOOOEBT v b ?%%ﬁf)‘?”mé nTwW5h,
EE 100 km N EOETREFFETARELELVWETHIL IO LDDHLT, HEI N BFIBEILE Y (Oyama
and Hirao, 1980). 2 @Fﬁ%ﬁz 37T — TEHATEE > Tk K A R BE TS OWEE D Em LT EAERISET A 2
LT E AT, BAIRIICE LTS ORAEREBDE L UM, 2001 5 Tf, 2004). Zh5h 55704

AL\

BEFRESREY RE
Vc‘é)zﬁ) ﬁ)&)b‘fﬂﬁx

w&m%%fbf%¢%ﬁxmﬁmoﬁ%w ELIREREETH Y, HE 100km I
£y .%Jéf)é%&%)ﬁwﬁfa”é# HHVIEEE BT 2ETREQREICHVSNINT X =8 HAEY

Db DERET B IR o7, BIBEOBEO—D R IAERSTN, (V) 12X HEF O (Paniccia, 1986) TH
5. Ak,

1\ ( >+ ebIO\’\ N2+ehigh
L@fCBWT%Wi#@ﬁi%ﬂt$«“¥#bl%w# YELHMOBMNET T, e, FTANVF-EZRLBRDETT
Hb. EEFEHFHRT SOEEE 100 km BV TELTORENETH L.

N,+0('D) = N, (v)+0CP)
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AMPLITUDE OF SECOND HARMONIC COMPONENTS (1A)

AMPLITUDE OF SECOND HARMONIC COMPONENTS N HA

PROBE POTENTIAL IN V

(b)

M9 BEFREEBFHEATOAVEOREFOD T AL F— ﬁﬁf@)&%%%ﬁ%@@@ﬂ e T
ANF—0d (o). WEIIE YO TSI XD EEEMEREC L0 - 7B T, il
REHER T ORBERE L, ETRETHE T A WE Ty b OEBEIEBRET
WA L VAAIRREICH L HE BT D,

HETO—EPETS T ORBIFREICELD N TV LEIEBRNO Y NI ABFOIAINAF —SFHMEDI LEE STV
L. HISERSFERNEFICIVIEGRES R, —FCREETYMHATLE VI HEWEREZEHL 5,

ZEOR LA ORAEENEERT T I L 2AMNETONRT IR T 572012 ST REEHBE 28T 208 XD 5
EEZ, ZFTIMOEIO Sy v VEBRITo 2 (JIIBAM, 1997; Kawashima et al., 1999). Bl S n7-EEhEEILIET
RELBD TIHEWI L 2E 25 LIEFEE S NAEZIC L 2300 5 Ly (Oyama and Hirao, 1985; Kurihara et al.,
2003). Lo LW ot E SN B8 FREZHPETAEIKLTE oﬁL BR WP LETH D (Paviov,1994).

EEREHICHTAIIANVTF -BRIEIAE 7T AVEOBRI AL F - ORGHEICLEZEEEINL L2257 (Pavlov et al.,
2001).

W OB IR iLPiiﬁX«m}#i IEVEBHOBFRELHBETIL Y M 2d22 5 BbN i), BHTRAETS
Blory MiBnT, PO -TEEFGERI L2TNEL ST, BUNERRBIET L7200 DC T ¥ 7O BB

+r T, HEBE TR bf%) BECCOESEHESOBHOEBETCEAETERET — ¥ mf v, ZOWEES
ST AHEEIIOVWTIEBRT S,
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3.2 HEHR

3.2.1 EHBELEICSTSER

BTiRE7O— 7132 CHAD 5 O EF M E (Oyama, 1991) L KEEER “©0£H” IHERSTEZ. C
OEHE W70 — 7RI VEOHE I SN, BEIBEFRE BRI THS, 77 VOO TONGRIZE
WEND ALY S HEARSER L o7, kM7 9 PR LERENE PETH L.

AAOKBENER “Onkbh” (19814F 2 I H FiF s i, 19824 6 H & CHIEMERA 31 K, FJE 600 km @ [l
Blidhor) KBEHSW-ETREZI—TRHEATY - £ bV SNBUBO -2 THE A Y E-—FrAT0-7"
PR A BTSN ESE KIS oRERE L T -FREBRED VL2 FAEFIIBNDE T 7 A=/ VT VN
WERER A L7 FETHS (Oyama et al, 1988), 77 A< HEHFEMATIC, EMMIZKEEHTETIAINT VA
TDC T O— T L 2 BE—BHEU, BT REYBLICREL DT Y EEEF ET L0 THATH A LOHTHRE
FHALEEINECRBEE STV R Y,

10a S ETRE 71— 710 & 2 50 600 km TOFEE 210—285 I IC B 2 W T-REY FF. B, bFHRoHE, B
YOO S HIEIC T TR L 72, [E10b 13RI 280 — 360 EEIC BT A EFIRE 2R L7z, fREEIC L A0 7% B i O
WIHITE S RIS T DT, HIC, TAUSETREICEWTWA D, HEER, 5\ IEHEALRSED#IZE > T
A4 EMUFFRD, MLEFZ0T2TCL N ELLEFHEORNTHHTE S (Oyama et al,, 1996; Watanabe
and Oyama, 1996).

> Te(K) Equinox Longitude(210-285)
@ 5 : : 4000
5 W | - _3000
Le) 0 i s
2 -10 i'zaoo
g -2 o 1000
= 0 4 8 12 16 20 24
Local Time (hour)
Te(K) Northern Summer Longitude(210-285)
i - 4000

- 3000

izooo "
1000

M.Latitude (deg)
(=]

0 4 S g 12 16 20 24
Local Time (hour)

= Te(K) Northern Winter Longitude(210—285)
:-.?I = ; : g
o S - .3000
© 0 ;
2 -10 izaoo"
g -2 - - . 1 Kooo
= 0 4 8 12 16 20 24

Local Time (hour)

(a)

10 EHE 600 km |2 513 544 185280 F (a) B X 15285—360 1% (b) 1BV 5 BT OFMIZLAL.
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Te(K) Equinox Longitude(210-285)

M.Latitude (deg)
o

0 4 8 12 16 20 24
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3000

gzooo =
1000

M.Lotitude (deg)
=]

; : _
0 4 © s 12 16 20 24
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Te(K) Northern Winter Longitude(210-285)

4000
J

- .3000

izooo x
1000

M.Latitude (deg)
=]

0 4 Ty 16 20 24
Local Time (hour)
(b)
10 fi&

mwmﬁéhtﬁﬂ%&%%ﬁﬁéﬁﬁw$ﬁm,EW%%mﬁ%ﬁ%¢%$mib%ﬁﬁ&iib—vaV?ﬁﬁ¢
HIERHETHY, ZOZELEEFRED L) Bli#L 75 Av Rl R AHIET 27700 C, BEKC ST 2 P PIEROE
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4. SEOME
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5. & b W I
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B ETFIRENEII - LB RELRDEI S BB LB LD TN DE2EEIC LA ONLTH A,

DC 7 u— 7O RE O BEEMIIC BT EAWICETL2&E2E) . ZNET, AEHMDC 71— 77971978 4

12375 BV 5 N7z kE oo 4 B IEAHE Pioneer Venus ([ZHH X1 (Brace et al,, 1978), LI L VEIEOH 5 HiEREREE &
B IC s Ve R EREOEVAUR SN,

WEROBEBIEIBEESNE2ECTY, FLuro—2 2Rl LTERORERzELFIIE LY. RSLPHHA
DKEFEEBRTKEOBERISBEEBL VI RERME T b o 7285, KA EH D) B E R BRI T5 5 /i
WEHMRAFE-T, BEFLEBTHIL L, REREHIIMT TERBAN 2207, HOREOREIZEBREIINY
MO e agEhiv

il 3
REBEIIRFEEZOEFAO - AFBERFHNEREZEORBIZL D 2 ENTEDTH Y, BEOBRZHIZATILES
STBIR L, FTHMZENRERE - THA AR AR B IRHT 5.
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Particle Acceleration by Nonlinear Magnetosonic Waves

by
Mieko Toida™®, Masatoshi Sato™ and Yukiharu Ohsawa”™

Abstract: Nonstochasitic particle acceleration by nonlinear magnetosonic waves is studied with
theory and particle simulations. In this short paper, acceleration mechanisms of hydrogen ions,
heavy icns, electrons, nonthermal energetic ions, and positrons are briefly described. The first
three mechanisms are compared with sclar energetic particles. For the last two mechanisms, sim-

ulations show that the maximum Lorentz factors of accelerated particles far exceed 100.

Key words: acceleration of particles, shock waves, plasmas, magnetohydrodynamic waves, par-

ticle simulation
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Experiment on Fermi acceleration by the
oscillation of a potential wall

Abstract: To study Fermi acceleration, a novel experimental system, where electrons go back
and forth along a magnetic field line between an oscillating potential wall and a stationary poten-
tial wall, has been constructed and the resonance of electron’s bounce motion with the oscillation
was observed. The relation of the number of bounce time with electron’s acceleration energy was

also measured.

Key words: Fermi acceleration, stochastic acceleration, resonance, bounce motion
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Electron acceleration in an electron-beam-plasma

Takeda Tsuyoshi® and Yamagiwa Keiichiro™

Abstract: Narrow spreads have been observed next to electron holes in a strong electron-beam.
There is the relationship between the position and the velocity on the spread tips, which indicates

that the electron acceleration (or strong heating) occurs.

Key words: wave packet, electron hole, electron acceleration, electron two-stream instability

1. Introduction

Wave packets developing in an electron-beam-plasma system initially obey electron-beam mode properties described
by a linear theory. Afterward, the packet amplitudes surely saturate because of nonlinear effects. Since modula-
tional instability and electron-beam-trapping observed in laboratory plasmas can also be applied to space plasmas
as nonlinear phenomena, it has still been important to investigate the system. According to computer simulations,
it has been indicated that electron holes in phase-space determine potential structures in the earth’s ionosphere and
magnetosphere. However this has not been verified adequately in laboratory experiments.

In our previous works, electron-beam holes induced by self-trapping were experimentally observed in the case of
a weak electron-beam as not leading strong turbulences. It was then clarified that there is the correlation between

wave amplitudes and the holes. In this paper, we show electron acceleration in the case of a strong electron-beam.

A cylinder chamber made of stainless steel, whose sizes are 0.26 m in diameter and 1.2 m in length, is filled with
argon gas of low pressure 2.8 X 107 Torr, and a cold plasma is produced by DC-discharges between four heated fil-
aments and the chamber wall. Then the plasma is confined by full-line cusps produced by twelve line-magnets mount-
ed on the external surface. An electron-beam gun at z =0 is mounted on an end of the chamber, and emits a strong
clectron-beam with the diameter 50 mm, the duration time 3.5 (s, and the mean energy of ¢, = 50¢eV. The beam
injected into the plasma behaves one-dimensionally along axial DC-magnetic field 0.01 T induced by six external
coils. A wave packet excited in this experimental system is observed as potential perturbations by using a coaxial
probe, whose tip is 0.3 mm in diameter and 2.0 mm in length. An energy analyzer, which has the aperture of diam-
eter 5.5 mm, is adopted so as to observe a phase-space distribution of the beam. A collector in the analyzer, which
is shielded against electric fields, can detect the beam currents discriminated by a biased grid.

These observations are synchronized with a test wave signal, which consists of carrier frequency 90 MHz and
envelope width 50 ns (by the full width at half maximum, FWHM). The test wave signal is applied to a control grid
of the gun at ¢ = 0 in order to excite a wave packet, and simultaneously triggers two digitizing oscilloscopes with
10° samples per second. The packet signal detected by the coaxial probe is amplified by a high frequency amplifier
(0.1-1300 MHz). The beam current signal detected by the analyzer is divided into two, and they are in parallel ampli-
fied by a low frequency (LF) amplifier of DC-8 MHz band and a high frequency (HF) amplifier of 8-1300 MHz band.

These amplified signals are individually received on two channels of the oscilloscopes with time-averaging, and those

% Shizuoka University

This document is provided by JAXA.



34 JAXA-SP-05-020

(a) (b)
B @ =80 3 86
= 300 B 8 !
= =
J o \: G - }
o =
< 2309 < 200
, 2 < 2
’3 i 3 ol
14 = i1 B 11
1 1
09 = 8.9 e i
5 A& "
0.8 I 08 ! § o8 4
07 67 07

DY

54 80 20 30 40 a3 B0 20 30 40 it
K7 Ko

Fig. 1 A wave packet and a phase-space distribution f, of a strong electron-beam from w,t =80 (a) to w, ¢t = 106
(). Each upper shows the packet amplitude vs kyz, and each lower f, vs v/v, and &g. Dark contrast corre-
sponds to the beam density. The packet exhibits two processes of linear growth (exponential in ot < 93)
and saturation (stable in w,t = 98). Narrow spreads of the beam are numbered at the tips.

data are stored in PC. Ends of coaxial cables are all connected to matching resistances 50Q. These detections are
carried out at each of 128 axial positions from &z = 22 to 75 (k, defined below). The LF and HF signals of the beam
current are synthesized on PC in each cell of the discrimination energy and the position. Eventually, the first deriv-
atives of the synthesized beam current with respect to the discrimination energy at the positions give a phase-space
distribution of the beam.

Typical experimental parameters are as follows: plasma-electron temperature is about 0.8 €V, plasma-electron den-

This document is provided by JAXA.



Electron acceleration in an electron-beam-plasma 35

sity n, = 1.0X10™ m™, the electron-plasma frequency o, /27 =~ 90 MHz, beam-electron density n,/n, ~ 1.2%, elec-
tron-beam velocity v, ~ 4.2X 10° m/s, and initial electron-beam spread 0.05v, (FWHM). Here &, = a, v, (= 437 m™)

is defined for normalization.

8. Resulis and discussion

Figure 1 shows a wave packet (upper sides) and a phase-space distribution £ of a strong electron-beam (bottom
sides) at intervals of 3.4/w . Here v/v,, k2, and o, ¢ are the velocity, the position, and the time, respectively. Dark
contrast corresponds to the beam density.

The packet is propagated downward, and has two evolutional processes of linear growth (in @ f < 93) and satu-
ration (in w f = 93). Five electron-beam holes, pointed by arrows, emerge discretely, and are also propagated down-
ward. Parts of the beam, numbered from the downstream side, spread to the higher velocity side diseretely. The
typical profile of the packet in ‘thé growth process is as follows: phase velocity v, = 0.90v,, wave number %2 ~ 1.08%,
frequency o, ~ 0.97w,,. We confirm that the profile is in agreement with the beam mode.

Initially, the holes generated around v = v, such as the third hole born around w of = 83, become having fine and
large circle with the packet growth. The holes are mostly in phase with the wave crests on the position, and the
radii seem to be correlated with the crest amplitudes. These prove that the holes are induced by self-trapping of
the beam. The holes can be regarded theoreticaily as right-handed vortices, though their rotations are invisible.

The beam detrapping should also be regarded because the trapped beam partly takes away the wave energy. Five
narrow spreads are generated next to the holes. Tt seems that the spread tips have the relationship between the
velocity and the position. Especially in the saturation process, the holes shift slightly to the lower velocity side, and
the packet shape is asymmetrically deformed. These indicate that the trapped electrons despoil the wave energy,

and thus the electron acceleration (or strong heating) occurs. The holes may contribute to the acceleration.

£ Srrnimany
o WRARERERRRE Y

We have investigated a phase-space distribution with a wave packet in the case of a strong electron-beam. The
packet obeys the beam mode initially, and five electron holes are generated by the self-trapping. Five narrow spreads
of the beam like bunching are observed next to the holes. The spread tips have the relationship between the veloc-
ities and the positions. The spread increasing seems to be correlated with the hole shift and the packet deforma-
tion. These indicate that the electron acceleration (or strong heating) occurs as a result of taking away the wave

energy.
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Force Balance in Plasma Hole:
Mechanism of Ion Flow and Role of Viscosity

by

Shinji Yoshimura™', Hiroshi Yamaguchi*®, Akihiro Tomida™*?,
Fumihiko Miyake™?, Mitsuo Kono™®, and Masayoshi Tanaka™*

Abstraet: Spontanecous formation of a stationary vortex structure with density hole around the
central axis, plasma fiole, has been observed in a cylindrical ECR plasma. The driving mecha-
nism of characteristic ion flow in plasma hole is examined from the viewpoint of force balance in
the fluid equation. On the one hand, the balance between electric force and Lorentz force deter-
mines the flow velocity field in peripheral region, which gives rise to EXB rotation of the periph-
eral plasma. On the other hand, it is revealed that the balance between centrifugal force and
Lorentz force governs the flow velocity field in central region, ie., anomalous EXB solution is

realized in central region. A remarkable similarity between the flow field of typhoon and the plas-

three orders of magnitude higher than the classical one. The characteristic radial flow observed

in the plasma hole is attributable to its anomalous viscosity.

Key words: plasma hole, vortex, ion flow, EXB drift, directional Langmuir probe, force balance,

centrifugal force, anomalous viscosity
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The plasma fusion researcher in old Soviet Union
—Kapitza and Landau—

by

Kazuya Uchara™

Abstract: The research for plasma physics and the controlled nuclear fusion in the old Soviet
Union were reviewed. In this article, the history of fusion research including the hydrogen bomb
development is shown going back to the explanation of the principle of sun as an energy source
by Helmholtz and the Nobel prize lecture for nuclear fusion by Kapitza, in which he gave this
instead of his low temperature physics research, is shown including the relation to Landau. The
reason why the realization of fusion program has been so delayed are tried to explain raising the
weak point of tokamak machine and two candidates of new idea of alternative fusion method are

given.

Key words: plasma physics, controlled nuclear fusion, old Soviet Union, hydrogen bomb, Nobel
prize lecture, Kapitza, Landau, tokamak machine, tokamak alternative physicist

group, old Soviet uinon
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Potential formation in a magnetized
inductively coupled plasma

Hiroharu Fujita®, Sebastian Popescu™” and Yasunori Ohtsu”

Abstract: The potential formation in an inductively coupled plasma device in uniform magnetic
field, at moderate pressures, is experimentally discussed. The axial profiles of plasma parameters
showed that this double layer appears inside the plasma source as a natural border between two

plasmas with different properties.

Key words: Inductively coupled plasma, electric double layer

i. Introduction

Potential formation are one of the big topics in plasma physics. Recently, the existence of current-free potential
double layers in helicon discharges at rather low pressures (i.e. less than 1 mTorr) has been reported [1]. Although
some progress has been made in double layer characterization in an RF discharge [2], the physical basis of its emer-
gence is still not established.

The aim of this paper is to report on new experimental data on double layer appearance in magnetized induc-
tively coupled plasma at moderate pressures (i.e. greater than 1 mTorr), at which it was asserted that such poten-

tial structures do not form [1] and tc establish the phenomenology underlying their emergence.

2. Experimental device and resulis

The experiments were carried out on a magnetized inductively coupled plasma device, illustrated in Fig. 1. The
plasma is produced in a glass tube T, surrounded by a helical antenna A. The glass tube is mounted at one end of
a stainless steel cylindrical vessel, which is the main chamber of the device. The whole system is surrounded by
magnetic coils that produce a uniform axial magnetic field, with a measured magnetic induction B = 217 & 3 G.

An Al disc collector C, facing the glass tube T, controls the processes inside the plasma. The plasma properties
were axially measured with an RF compensated Langmuir plane probe (P in Fig. 1), moved between z =—11 cm
and z = 8 cm.

The measurements were performed using Ar as a working gas, at a moderate pressure (p = 2 mTorr). The RF
input power was 200 W, with less than 0.5% reflection, at the working frequency of 13.56 MHz. Throughout this
experiment the collector position was fixed downstream, axially, at z = 30 cm and positively biased with respect to
the ground (V=10 V).

The axial profile of the plasma potential in the probing domain is plotted in Fig. 2. It shows that after an impor-
tant increase inside the glass tube (i.e. upstream or z < 0), the plasma potential saturates downstream (i.e. z > 0)
at about 32 V. These two distinet regions are connected by a potential wall with the height AV, = 7 V, located at
2= 0 (j.e. at the border between upstream and downstream).

The electron temperature profile, represented in Fig. 3, although has a general decreasing trend, displays a local

% Saga University, Department of Electrical and Electronic Engineering, Saga 840-8502, Japan
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Fig. 1 Experimental set-up. A-helical antenna; T-glass tube; C-collector; P-plane
Langmuir probe; RF - radio-frequency power supply; MC - matching circuit.

minimum at z = 0, followed by a maximum at about z =1 cm. The peak of the electron temperature in this tran-
sition region is AT, = 3 eV.

The axial profile of the electron concentration, plotted in Fig. 4, shows that going downstream, the electron con-
centration has a global increasing tendency. Anyway, at z = 1 cm, the electron concentration profile displays a small

bump.

3. Analysis of experimental results

The experimental results emphasize that the plasma electrons produced upstream are accelerated towards the
main chamber of the experimental device (Fig. 2) by a relatively strong axial electric field. In this way, on a short
distance (between z =—11 em and z = —2 cm), the electrons could, in principle, gain sufficient energy for ionizing
the neutrals, but in the same region the electron temperature is decreasing (Fig. 3), due to inelastic collisions with
the neutrals. This means that the sudden decrease of the space potential and of the electron temperature at z =0
is the result of neutral excitation by electron collisions. Consequently, the electrons exciting the neutrals gather
there and form a net negative space charge, explaining in this way the existence of the two local minima (for Vs
and Te) at z = 0.

The electrons that have not excited the neutrals are further accelerated by the eleciric field and, after traveling
about 1 cm downstream, rich enough kinetic energy to ionize the neutrals. This explains the sudden increase of the
electron temperature at z = 1 cm, as well as that of the plasma potential in the same place. The electrons that ion-
ize the neutrals and those resulting from this process are transported downstream by diffusion. From Fig. 2 it can

be seen that downstream the electric field is approximately zero, hence a drift movement of the electrons down-

stream is excluded.
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Fig. 2 Axial profile of plasma potential.
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T (eV)

Fig. 3 Axial profile of electron temperature.

The positive ions resulting after neutral ionization form a net positive space charge, adjacent to the net negative
one. The electrostatic forces of attraction between these two opposite layers, acting as long-range correlations, “bind”
them together in the form of an electric double layer [3]. The appearance of this double layer in the absence of an
externally imposed conduction current, makes it current-free, in accord with the earlier experimental reports [1,2].
Taking ints account that, for the above working conditions the Debye length is A= 0.3 mm and the double layer
thickness is Az, =1 em, we can conclude that this potential structure is narrow. Also, comparing the potential drop
on the double layer with the electron temperature downstream, expressed in eV, one obtains the strength of the
double layer n, = AV, /T, ,, ~ 1, meaning that this potential structure is a weak one.

The fact that the upstream, respectively downstream plasmas are different is also proved by the “Maxwelliazation”
coefficient « calculated in different points along the axial direction of the device (Fig. 5). This coefficient measures
the number of orders of magnitude of the electronic current over which the semi-log plot In 7, (V) is linear (V being
the variable probe potential), ensuring in this way the degree of accuracy in the calculation of the electron tem-

perature. From Fig. 5 it can be seen that upstream the linearity domain of the electronie current on the semi-log

lot is ensured for less than one order of magnitude for / , while downstream the linearity domain is wider. This
e’
proves that downstream the energy distribution function for electrons is much closer to the Maxwellian one than

4, Conclusions

The above experimental results prove that a current-free electric double layer can also appear in magnetized induc-

tively coupled plasmas at moderate pressures, i.e. above 1 mTorr, but unlike the small pressure case [1,2], it is a

Fig. 4 Axial profile of electron concentration.
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Fig. 5 Degree of Maxwelliazation of energy electron distribution as a function of axial
position. The full curve is the smoothed version of the dashed one.

weak one. This narrow and weak double layer is the result of a self-organization process taking place inside the
plasma column, i.e. it appears as the result of the intrinsic dynamics of the plasma particles, and not the conse-
quence of an external constraint [3]. The double layer self-assembles during the plasma breakdown [2] and remains
in a steady state afterwards. It acts as an internaily built boundary between two plasma regions with different prop-
erties: one with high electron temperature and small electron concentration (upstream) and one with high electron

concentration and small electron temperature (downstream).
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Abstract; A large-volume (73.8 cm in diameter and 486 cm in axial length) helicon-plasma device

has been developed at ISAS/JAXA in order to perform various space-plasma related experiments.
With the use of a large (43 cm in diameter) flat-spiral antenna located just outside a guartz-glass
window at one end of the vacuum vessel, the device is capable of producing high-density plasma
(gas species used so far are argon, helium, and hydrogen) of n_ = 10" em™ with moderate rf input
power of less than 1 kW (at 7 MHz), showing excellent discharge efficiency. Innovative methods of
controlling the radial profile of the plasma density have also been demonstrated 1) by changing
the magnetic field configuration near the spiral antenna and 2) by changing the antenna radia-

tion-field pa attern

Key words: Helicon-plasma device; Spiral antenna; Space plasmas; rf produced plasmas; Density

profile control
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Present status and future prospect of the
VASIMR type plasma thruster

Abstract: In the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) project under devel-
opment in NASA, it is proposed to control a ratio of specific impulse to thrust at constant power.
Ton heating by electromagnetic waves and magnetic nozzle acceleration of a fast-flowing plasma
are two key issues for the development of the advanced space thruster. In the HITOP experiments,
we have successfully demonstrated these two tasks experimentally. Present status and future tasks

of the VASIMR-type plasma thruster is presented.

Key words: VASIMR, Plasma thruster, HITOP, Ion heating, Magnetic nozzle, Mars exploration
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Magnetic nozzle
\ i VASIMR Laboratory Experiment
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T LEDRH LD, INOHO5BORBIIHEL TERBROETHENL,

#F 1 VASIMRIEEBOEZENTG X2 —5F

Input Power P=4x10°W

Power efficiency e=0.4

Specific Impulse I, = 10,000 sec (max. 50,000 sec)

Exhaust velocity u=1,g= 10° m/s

Thrust F=2:Pu=32N

Propellant rate m=Fa=232X10"*kg/s (170 days --> 4.7 Ton)
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Laboratory Experiment of Magnetic Sails Using an MPD Arcjet

by
Ikkoh Funaki®', Hidenori Kojima™*?, Yukio Shimizu™’,

*1 * 1

Hiroshi Yamakawa = and Suetsugu Shinchara

Abstract: A magnetic sail (MagSail) is a unique interplanetary propulsion system. To propel a
spacecraft in the direction leaving the Sun, the MagSail produces a large-scale magnetic field to
block the hypersonic solar wind plasma flow. In order to simulate the interaction between the
solar wind and the artificially deployed magnetic field produced around a MagSail spacecraft, a
laboratory simulator was designed and constructed inside the space science chamber at ISAS/JAXA

As a solar wind simulator, a high-power magnetoplasmadynamic arcjet is operated in a quasi-

steady mode of ~ 0.8 ms duration. It can generate a simulated solar wind that is a high-speed
(above 20 km/s), high-density (10" m™) hydrogen plasma plume of ~ 20 ¢m in diameter. A small

coil (2 em in diameter), which is to simulate a MagSail spacecraft and can obtain 1.9-T magnet-
ic field strength at its center, was immersed inside the simulated solar wind. Using these devices,

+1 £

the formation of

QJ
W
)

a

Key words: Magnetic Sail, M2P2, Laboratory Simulation, Magnetoplasmadynamic Arcjet
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MagSail in space Design Target of MagSail in our
laboratory experiment

Size of magnetic cavity (standoff distance), L 10-50 km <01m
Thrust 0.1-1N < 05N
Ratio of ion Larmor radius to L, r,,/L 1to 10 1to 10
Ration of thickness of magnetopause to L, 6/L < 0.1 <03
Magnetic Reynolds number, Rm > 10° 3-15
Mach number 8 1-3
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Plasma stream form hydrogen MPD solar wind simulator

velocity 10-50 km/s
plasma density 10" /m®
electron temperature 10,000 K
radius of plasma stream 0.2 m
plasma duration 0.7 ms

Coil current simulating MagSail in operation

radius of coil 18 mm
B-field at the center of coil 0-19 T
duration of exciting current 0.9 ms
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Remote sensing of the upper atmospheres using Ion thruster

by

- ® 1 . Yo 4 e = . B *9
Yusuke Sakamoto = and Hitoshi Kuninaka

Abstract: This paper describes an application of microwave discharge ion thruster to remote sens-
ing for upper neutral atmosphere. We assume the charge exchange collision between atomic oxy-

i DS

gen (AO) and krypton ion beam. An apparatus has been constructed to simulate the atomic oxy-

J Ll 108 1ii, 31

gen in an upper neutral atmosphere. From the experimental results, the gas density was subtle

to detect ENA through CEX sell. Therefore, the apparatus variant was proposed.

Key words: Ion Thruster, ENA, Remote Sensing, Neutral Atmosphere
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Probe Measurements of a Microwave lon Source
T
Dy

Tatsuya Nakai®', Takashi Miyamoto™?, Kazutaka Nishiyama®® and Hitoshi Kuninaka™®

Abstract: Along with the development of microwave discharge ion engines, it is necessary that
a analysis model of the ion sources is developed. As the first stage, probe measurements of the
ion source of 420, which is under the development now, were done. In the discharge chamber of
u20, it is expected that a certain circumferential distribution is exist because of the magnetic field
and the gas ports in the discharge chamber. In this reseach, we got the distribution between inside
magnet rows, which indicated an increase in electron temperatures and a decrease inplasma den-
sities along the direction of the VB drift of electrons. Moreover, it is found that electron temper-
atures and plasma densities change in two different cases of the locations of the gas ports. These
results shows that the best shape of the discharge chamber can improve the performance improve-

ment of u20.

Key words: Electric Propulsion, Microwave Dischage, Probe Measurement
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Study of The Interaction between Space Plasma and
High Voltage Solar Array
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Tinoru Twasa™!, Koji Tanaka™®, Susumu Sasaki™”, and Osamu Odawara

Abstract: We are studying the problems associated with high voltage power systems in space.
Especially we are interested in the potential distribution of the solar array that is resistant to the
electrical discharge. We have carried out experiment on the interaction between the space plas-
ma and the high voltage solar array. An array of electrodes distributed on a dielectric material
was used to simulate the inter-connectors of the solar array panel in space environment. One of
major concerns in the usage of the high voltage solar array in space is the arc discharge on the
array. Based on the plasma sheath theories, there is a possibility to control or to prevent the dis-
charge by selecting a potential distribution of the electrode array. As the first step to find the
potential distribution that is tolerate to the discharge, we measured the current to the electrodes,
changing the spacing of the electrodes. This paper presents the experimental results suggesting

that we can control the discharge by selecting a proper potential distribution of the high voltage

igh voltage solar array
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